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A B S T R A C T
Fabrication of supercapacitor devices with the carbon cloth supported W2N@carbon ultrathin layer core-shell
structures (W2N@C CS/carbon cloth) were realized by aerosol-assisted chemical vapour deposition (AACVD)
followed by an ammonia annealing process. The representative electrodes delivered excellent areal speciﬁc
capacitance of 693.0 mF cm-2 at 5 mV s-1 in a three electrode testing system, good rate capability of ~ 78%
retention when the scan rate increased 10 times and superior cycling stability with ~ 91% capacitance retention
after 20,000 cycles. The self-standing electrodes were manufactured for ﬂexible asymmetric supercapacitors and
assembled into coin cells with ionic electrolyte for high working voltage applications. The primary origins for the
outperformance of W2N over WO3-x in acid aqueous electrolytes are uncovered by electrochemical analysis,
simulation work and in-situ transmission electron microscope (TEM). This discovery paved the way of exploring
and designing advanced metal nitride electrode materials for supercapacitors.
1. Introduction
As promising energy storage devices, supercapacitors, in particular
pseudocapacitors, can provide higher power densities than most of the
batteries [1]. The practical applications of commonly reported pseu-
docapacitor electrodes, such as an amorphous structure based on RuO2
[2,3], MnO2 [4] and WO3 [5], etc., call for improvement on speciﬁc
capacitance and energy density. Metal nitride, is a type of electrode
materials that presents excellent electrical conductivity (4000–
55500 S cm−1) and will improve energy storage properties. Fan et al.
fabricated asymmetric supercapacitors based on TiN cathodes and
Fe2N anodes, leading to high rate and achieving stable energy storage
devices [6]. They identiﬁed structural design modiﬁcations to solve the
oxidation problem of metal nitrides, by methods such as carbon
coating. Among all the reported metal oxides/nitrides materials in
energy storage applications, tungsten-based electrodes have a series of
inherent advantages, such as relatively low toxicity and cost, high
theoretical speciﬁc capacitance and high stability [5,7,8]. There have
been intensive studies focused on tungsten oxide materials to be
employed as pseudocapacitive electrodes: MoO3-x/WO3-x core-shell
nanowires [8]; nanoﬂower-like WO3 on titanium foams [9] and
WO3/graphene composite aerogels [10]. These materials show im-
proved electrochemical performances over pure WO3 materials mainly
through the nanostructure design. However, they still need further
improvements, in fabrication techniques and performance ameliora-
tion to meet practical requirements. It is worth mentioning that there
are few works that relate to tungsten nitride materials for energy
storage applications [11] and no report has so far uncovered the origin
of its high pseudocapacitive performance. In addition, no comprehen-
sive research has been reported for the fabrication of devices based on
tungsten nitride materials.
The methods for manufacturing self-standing electrodes involve
integration of the active electrode materials and current collectors,
such as elastic carbon ﬁlms [12] and various metal substrates that
support metal oxide materials [9,13], which avoids the complicated
electrodes fabrication procedure for powdery materials. Compared with
the most commonly reported self-standing electrode materials synth-
esis methods, such as the hydrothermal and electrochemical deposition
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processes, chemical vapor deposition (CVD) has been demonstrated as
an optimal method for surface engineering and provides promising
advantages, such as being an industrially relevant technique for ﬁlm
production, production of uniform coatings [14]. Typically, CVD
produces stronger adhesion strength between the active materials
and the substrates. Recently, we have reported the growth mechanism
of WO3 nanorod arrays on glass by aerosol-assisted chemical vapour
deposition (AACVD) method [14]. This method achieves ﬁlms at
relatively low coating temperature compared with other types of CVD
[8,15] and is a potentially important technique for industrial applica-
tions due to the consequently reduced energy consumption.
The self-standing electrodes of core-shell structures on carbon cloth
reported in this study were prepared by a single step AACVD (WO3-x
formation and carbon coating in one step) followed by an ammonia
annealing process. Vertically aligned nanorods on current collectors
can signiﬁcantly enhance the speciﬁc surface area and act as a matrix to
support other metal oxides with low electrical conductivity, such as an
amorphous structure of RuOx nanoparticles in this work.
Supercapacitors were assembled by using a solid-state electrolyte for
ﬂexible devices and organic liquids for high voltage applications. The
merits of enhanced electrochemical performances of W2N materials in
aqueous acid electrolyte compared with oxide counterparts were
unveiled by electrochemical performances testing, Density Functional
Theory (DFT) calculations and in-situ transmission electron micro-
scopy.
2. Results and discussion
The synthetic methodology for W2N@C core-shell arrays (CSA)
involves two steps, as illustrated in Fig. 1. Firstly, WO3-x@C CSA
nanostructures were directly grown onto substrates by using [W(CO)6]
in a mixture of acetone and methanol as the precursor for both
tungsten and carbon sources. The uniform coating on hard, soft and
porous substrates (morphology characterization for WO3-x@C CSA on
copper foils, nickel foams, carbon clothes in Figure S1) indicated that
AACVD is a powerful technique for the fabrication of nanostructure
ﬁlm on various substrates. The mixture of acetone and methanol
solution was used to accelerate the formation of aerosols during the
AACVD process, thus decreasing the deposition temperature, making
this method more suitable for commercialization (Figure S2 for
installation of AACVD system). The second step is the annealing
process of the WO3-x@C CS/carbon cloth in the tube furnace under a
slow ﬂow rate of ammonia gas at 600 oC for 3 hours. The heating rate
was controlled at 5 oC/min for mild ion exchange chemical reactions
without damaging the morphology of the nanorod arrays and the core-
shell structures. With the phase change during the annealing process,
the colour of the electrodes changed from blue to black.
The morphology of the carbon cloth supported W2N@C CSA was
recorded by scanning electron microscopy (SEM) and shown in Fig. 2a.
The W2N form as needle-like nanorod arrays. The uniform coating can
be conﬁrmed by the low-magniﬁcation SEM images. The detailed
morphology of the W2N@C nanorod array clusters are revealed by
high-magniﬁcation SEM images in Fig. 2b. The width of the single
nanorod is 20~30 nm and length is more than 1 μm. Fig. 2c shows
transmission electron microscopy (TEM) image of a typical single
W2N@C nanorod. The thin carbon shell can be detected to cover the
W2N nanorod. The simultaneous WO3-x synthesis and carbon shell
deposition during the AACVD process can be beneﬁcial for stabilizing
the metal nitrides and to further enhance the electrical conductivity.
High resolution TEM (HRTEM) image were detected to reveal the clear
nanostructure and phases, which displayed the carbon layer of ~ 3 nm
as shown in Fig. 2d. The labelled lattice space of ~ 0.205 nm can be
indexed to the (200) crystal plane of cubic structure of tungsten nitride.
Those morphologies revealed by TEM images are similar to those of
WO3-x@C nanorods (Figure S3a, b), indicating the ammonia annealing
process had no inﬂuence on the morphology of the nanorod or the
carbon shell. The blue dashed circle showed the typical amorphous
carbon lattice. To further illustrate the structure of the carbon cloth
supported W2N@C CS nanorods, scanning electron microscopy-energy
dispersive X-ray spectroscopy (SEM-EDS) characterization was per-
formed to obtain elemental composition and distribution information.
EDS spectra revealed the target element peaks of C, W, N in the whole
of the nanostructures. Fig. 2(g-i) showed the SEM mapping images of
the W2N@C CS/carbon cloth. The dense red spots proved the high
tungsten content. Nitrogen overlapped with tungsten homogeneously,
demonstrating nitrogen was uniformly distributed in the crystal
structures. Moreover, the carbon was present at low density, corre-
sponding to the thin layers detected from the TEM images.
X-ray Diﬀraction (XRD) patterns were recorded to investigate the
phase changes of the electrodes before and after the annealing process
in ammonia gas. The phase of the WO3-x (Figure S3c) can be indexed to
W18O49 (JC-PDS No. 36–0101) and W5O14 (JC-PDS No. 41–0745)
while the blue color of the coating indicated the oxygen vacancy
features of the tungsten oxide. After the reaction with the ammonia,
it is clearly observed that pure phase of W2N was achieved successfully
and the diﬀraction peaks of ~ 17.1°, ~ 19.8°, ~ 28.1°, ~ 33.1° and ~
34.6° correspond to the cubic W2N lattice of (111), (200), (220), (311)
and (222) (JC-PDS No. 25–1257) with no XRD evidence of the oxide
phase in Fig. 3a. The carbon peak at ~ 12° from the carbon ultrathin
shell/carbon cloth substrates can be detected from both the XRD
patterns before and after the annealing process in the ammonia gas. X-
ray photoelectron spectroscopy (XPS) analysis showed that the C-N
bonds present from C 1 s (Fig. 3b) and N 1 s (Fig. 3d) spectra,
indicating the N doping into the carbon frameworks with sp3 and sp2
hybridized orbitals [16]. Compared with WO3-x in Figure S3d, the W 4 f
spectrum of W2N (Fig. 3c) showed diﬀerent compositions, which was in
accordance with the Raman spectra results (Figure S4). The spin
orbital positions of the W 4f7/2 and W 4f5/2 electron for W at ~ 33.2 and
~ 35.2 eV are related to W within the b.c.c W2N structures. The
chemical shifts in the core levels of the W2N relative to W compared
with the results from the literature which correspond to a charge
transfer from tungsten to nitrogen during the ammoniﬁcation process
[17]. The W 4 f spectrum of W2N has some residual W-O bond as WO3-
x, which was caused by a surface oxygen contamination layer, which is a
Fig. 1. Schematic illustration of the synthetic procedure of the electrodes. Two step synthesis of the carbon cloth supported W2N@C core-shell arrays (CSA) electrodes.
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common phenomenon for metal nitride materials [17]. W-N can also
be detected from N 1 s (Fig. 3d) at ~ 396 eV.
To evaluate the capacitive performance of the carbon cloth sup-
ported W2N@C CSA, the self-standing electrodes were tested directly
in three-electrode cells with 2 M H2SO4 solution as the electrolyte. In
order to optimize the performance of the as-synthesized electrodes,
diﬀerent amounts of the precursor solution were used to deposit the
W2N@C CS nanorod arrays on the carbon cloth. Fig. 4a shows rate
performances of the W2N@C on carbon cloth electrodes with diﬀerent
volumes of precursor, calculated by the cyclic voltammetry (CV) curves
(Representative CV curves in Figure S5) of at least three diﬀerent
samples. At a low scan rate of 5 mV s-1, the areal speciﬁc capacitance
increases with the mass loading of the active materials. The highest
areal speciﬁc capacitance of 752.3 mF cm-2 can be achieved when the
volume of the precursor solutions is 25 mL. However, the high loading
density of the active materials blocked the porous structures (SEM of
25 mL precursor samples in Figure S6) thus curtailing the electro-
chemical reactions, especially at a high scan rate. Compared with other
amounts of the precursor solution, 20 mL of the precursor solution
gave the best performance. Compared with the morphologies of the
samples from other amounts of the precusors (Figure S7), 20 mL of the
precursor solution presents the most dense and uniform coating. The
average areal speciﬁc capacitances of 693.0, 598.9, 519.7, 469.8, 436.2
and 410.0 mF cm-2 at scan rates of 5, 10, 20, 30, 40 and 50 mV s-1 were
obtained respectively, which presented the highest speciﬁc capacitance
at almost all scan rates. Considering the mass loading and gravimetric
capacitance with diﬀerent amount of the precursors (Figure S8), 20 mL
of precursor solutions proved as the optimized volume. Hence, all the
following experiments were carried out by using the optimum amount
(20 mL) of precursor solution unless stated otherwise. Compared with
the electrochemical performance before (WO3-x@C) and after (W2N@
C) NH3 annealing process from a galvanostatic charge-discharge (GCD)
test at a current density of 3 mA cm-2, W2N@C CS realized nearly
rectilinear CD curves for supercapacitor properties and longer dis-
charge times. These results demonstrate it can possess higher speciﬁc
capacitance, which is compatible with the larger enclosed area of the
nitride samples from CV curves in Fig. 4c. After the annealing process,
the CV curves changed from the “dolphin-like” shape to the rectangular
one. The distinct pairs of the redox peaks can be detected in W2N@C
CS electrodes at 0.05 and 0.45 V for oxidation peaks and 0 and 0.39 V
for reduction ones. For the WO3-x@C CS electrodes, nearly undetected
CV peaks are a very common feature among various tungsten oxide
analogues, which is due to the tortuous ion diﬀusion pathway within
the oxide lattice [18]. Moreover, the potential diﬀerences of the anodic
and cathodic peaks can explain the reversibility of the redox reactions.
The value of potential diﬀerences for W2N@C electrodes is around
0.05 V, less than a series of reported tungsten oxide materials [5,8–
10,18], suggesting the reformative reversibility of the redox reactions.
Therefore, the capacitance of W2N materials can be contributed from
electrical double-layer capacitance and pseudocapacitance. The possi-
ble Faradic reactions in H2SO4 can be describled:
W N H e H W N+ α + α ↔ α2 + − 2 . The electrical conductivity and the ion-
transfer ability of the above two electrodes were further studied by EIS
spectra and ﬁtted according to the equivalent circuit model in Figure
Fig. 2. Morphology characterization of the W2N@C CS. (a), (b) Low and high magniﬁcation SEM images of the carbon cloth supported W2N@C CS electrodes respectively; (c) TEM
image of the W2N@C CS nanorod; (d) HRTEM image of the W2N@C CS nanorod; (e) EDS spectrum of the carbon cloth supported W2N@C CS electrodes from SEM image; (f-i) EDS
mapping images of the carbon cloth supported W2N@C CS electrodes; f: corresponding SEM image, g: tungsten; h: nitrogen and j: carbon.
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S9a. The equivalent series resistance (Rs), containing the inherent
resistances of the active materials, bulk resistance of the electrolyte and
contact resistance of the interface between electrolyte and electrodes,
are 0.542 and 0.588 Ω for the W2N@C and WO3-x@C electrodes,
respectively. The charge transfer resistance (Rct) values, reﬂecting the
diﬀusion of electrons are 0.12 and 0.133 Ω for the W2N@C and WO3-
x@C electrodes, respectively. The low resistance and the minor
diﬀerences in resistances conﬁrmed the carbon coating process en-
hances the electrical conductivity for WO3-x nanorods system. For
further investigation of the improved performance of the tungsten
Fig. 3. Structural and Chemical analysis for the W2N@C CSA/carbon cloth. (a) X-ray Diﬀraction (XRD) pattern of W2N on carbon cloth and its standard JCPDS pattern. Red triangles
showing the peaks from the carbon substrate, inset in (a): crystal structures of cubic W2N, large ball: tungsten, small ball: nitrogen; X-ray photoelectron spectroscopy (XPS) spectrum of
(b) C 1 s; (c) W 4 f. and (d) N 1 s.
Fig. 4. Electrochemical performances evaluation of the single electrodes. (a) Rate performances of W2N@C CSA/carbon cloth electrodes from diﬀerent volumes of precursors; (b)
Galvanostatic charge-discharge (GCD) curves of W2N@C and WO3-x@C on carbon cloth at 3 mA/cm
2 respectively; (c) Cyclic voltammetry (CV) curves of W2N@C and WO3-x@C on
carbon cloth electrodes at 5 mV/s, respectively; (d) Electrochemical impedance spectra (EIS) of the W2N@C and WO3-x@C on carbon cloth electrodes, respectively, inset showing the
high frequency range of the spectra; (e) I-V curves for the W2N and WO3-x nanorod, respectively, inset showing the TEM image of the W2N nanorod between the probe and the tip; (f)
Cycling performances of W2N@C and W2N on carbon cloth, the inset showing the TEM images of W2N@C after cycling.
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nitride as an electrode for supercapacitor applications compared with
the oxide counterpart, the in situ electrical properties of the non-
carbon coated W2N and WO3-x nanorod were studied by transmission
electron microscopy-scanning tunneling microscopy, which was carried
out within a 200 kV high resolution TEM with beam-blank irradiation
at low illumination. The detailed experimental setup was shown in
Figure S10, which is similar to our previous report [19]. The recorded
I-V curves in Fig. 4e show a Schottky contact between the W2N
nanorod and the probe when applying a bias. The current varies from
−96 to 84 μA with the voltage range from −5.0 to 5.0 V. The resistance
can be calculated as 5.56 × 104 Ω (electrical conductivity of ~
4093 S cm−1); while the current changes from −1.6 to 1.4 μA at the
same current range of the WO3-x nanorod, which shows a resistance of
3.33 × 106 Ω (electrical conductivity of ~ 68 S cm−1). These results
clearly demonstrate that the electrical conductivity of the as-fabricated
W2N was ~ 2 magnitudes higher than that of the WO3-x and 5–7
magnitudes higher than other commonly reported transitional metal
oxide nanostructures [20,21]. The results are in accordance with the
resistance comparison from the EIS spectra with WO3/carbon cloth
(Figure S9b). In order to verify the contribution of the carbon coating
to the whole structures, the long-term cycling performance by repeat-
ing the CV test at a scan rate of 50 mV s-1 was compared between
W2N@C and W2N on carbon clothes, respectively. As shown in Fig. 4f,
a capacitance retention of 91% was seen for W2N@C CSA/carbon cloth
electrodes after 20000 cycles, which is better than that of 81.3% for
W2N/carbon cloth after 5000 cycles; the phase of the carbon shell
electrodes showed almost no change, but the W2N/carbon cloth
presented the oxide phases from XRD patterns (Figure S11), this
illustrates the improved cycling stability and structural stability caused
by ultrathin carbon coating. The as-synthesized electrodes are among
the best tungsten materials for supercapacitor application and present
one of the highest speciﬁc areal capacitance values (Table S1). The inset
in Fig. 4f shows the TEM images of the W2N@C CS nanorod after
cycling, in which a rougher surface topography indicates the long time
of the redox reactions but kept the capping of the nanorods by the
carbon shell, thus keeping the integration of the nanostructures. In
order to present the successful application based on the highly
conductive W2N/carbon cloth for hierarchical nanostructures building,
amorphous RuOx nanoparticles were loaded and enhanced energy
storage performance as the electrode for supercapacitors was recorded
(Figure S12).
To further study the electrochemical performances of the W2N
material and its oxide counterparts as supercapacitor electrodes. The
calculations of the H* redox reaction on W2N (200) and W18O49 (010)
surfaces, which are characterized in the experiment section, were
carried out based on Density Functional Theory, implanted in Vienna
ab-initio Packages (VASP) [22]. Detailed comparison of diﬀerent
functionals and computational settings, including Projector
Augmented Wave (PAW) [23] and The PBE functional [24,25] were
demonstrated in the Supporting Information.
As for the WNx binary system, in the x < 1 regime, there are two
main phases formed: tungsten mononitride WN (hexagonal h-WN at
low temperature and cubic c-WN at high temperature) and tungsten
subnitride W2N [26]. The former phases were well studied [27–31],
but there are few theoretical works on the cubic W2N [32–34]. For
W2N derived from the c-WN Fm m3 structure, two possible structures
are proposed, ß-W2N and t-W2N, shown in Fig. 5a, b. Both structures
share the same positions for W, while the 50% vacancy of N happen at
diﬀerent sites, based on the c-WN structure. We compared the
formation energies of these two structures, which deﬁned as
E E nE nE= −2 −f W N W N2 2 , where EW N2 is the energy of ß-/t-W2N. EW
and EN2 are the chemical energies of W in bulk tungsten and N in N2,
respectively. And the n represents the numbers of N in the ß-/t-W2N
systems. As shown in Table S2, both ß- and /t-W2N possess lower
formation energy, compared with c-WN, which can conclude that both
states are stable states in WNx binary system. However, the ß-W2N
structure is more energetically favour than t-W2N. Hence, ß-W2N
structure is selected for subsequent calculations.
For W2N (200) and W18O49 (010) slabs (Fig. 5c and d), 2*1*1 and
1*2*1 supercells were selected for the study of H* adsorption. A 10 Å
vacuum slab added to prevent periodic interactions. The bottom half
atoms were ﬁxed, while all other atoms at the top half were fully
relaxed. The k-point samplings were reduced to 15*15*1 and Gamma
point only for W2N and W18O49, respectively. The adsorption energy
was calculated based on the following equation:
E E E E= − *−
1
2ad total slab H2
where Ead is the adsorption energy. Etotal represents the total energy of
the system. Eslab* and EH2 are the energies of W2N (200) or W18O49
(010) slabs and the chemical energy of H2, respectively. From the top
view of the W2N (200) surfaces, there are four diﬀerent possible
adsorption sites, shown in Fig. 5c. To distinguish diﬀerent W atoms as
active sites on the surface, the W atoms with and without N atom
underneath are denoted as W1 and W2, respectively. The T and V
represent as the top and vacancy active sites for the adsorbent atom,
respectively.
As shown in Table 1, the H* tends to bond with surface tungsten in
the regime of physical adsorption, Figure S13(a, b). The surface W1 is
the strongest bonding site, followed by the W2. Both exhibit exothermic
reactions. These physical adsorptions can beneﬁt for the H* associa-
tion/dissociation reaction required in the redox reactions. Compared
with N and V (Figure S13c, d), which is not H* favoured bonding sites,
the W-rich W2N surface also provided more reaction sites. Hence, the
ß-W2N compound is not only energetically stable in structure, but also
has more surface W for bonding to H*. Moreover, as transition metals,
the surface W could also be a host for multi-adsorption of H* per site.
[35] We also employed the Climbing Image Nudged Elastic Band (Ci-
NEB) method to study the energy barrier of the H* diﬀusion on the
W2N (200) surfaces. [36] As shown in Figure S14, the energy barriers
within the surfaces is relatively large, enough to prevent further H*
diﬀusion. The results suggest that the H* redox reactions occurred only
at each site without additionally H* movement of the surface.
Whereas for the W18O49 (010) surface, the relaxed structure
endured a signiﬁcant distortion, as shown in Figure S15, 16.
Consequently, the W18O49 surface is more disordered. Meanwhile,
the dangling O on the surface also provides strong bonding sites for H*.
The adsorption energy is too strong, ~ 2 eV, and results in hydrogen
passivation of the W18O49 (010) surface. Detailed adsorption energy for
each site (Figure S17) are listed in Table S3. The H passivation
corresponds to the experimentally observed CV results in Fig. 4c.
These covalent bonds are too strong for the H* to break oﬀ reversible
redox reactions, which reﬂected in the “dolphin-like” shape CV curve.
Hence, further H passivated W18O49 (010) surface, Figure S16, will be
the adsorbent for further redox reaction. However, additional H* will
not be desirable due to the relatively weak hydrogen bonds.
To evaluate the practical applications of the as-synthesized W2N@C
CSA/carbon cloth electrodes, a ﬂexible asymmetric supercapacitor
device (FASD) was assembled by using the W2N@C CSA/carbon cloth
as the negative electrode and nitrogen doped graphene on foldable
commercial carbon paper (single electrode testing in Figure S18) as the
positive one. Fig. 6a described the CV curves of the FASD under
diﬀerent voltage range from 0.8 to 1.6 V at a scan rate of 50 mV s-1. It
shows that the fabricated FASD functioned steadily up to an electro-
chemical potential window of 1.6 V (Figure S19). The shape of the CV
curves deviates from the rectangular shape and the unobvious redox
reaction peaks to a certain extent indicating that the asymmetric
capacitance contributions were both from the pseudocapacitance and
electrical double-layer capacitance (EDLC). In order to avoid side
reactions, the GCD tests were performed over the voltage window of
1.2 V at current densities of 1–10 mA cm-2. The excellent speciﬁc
capacitance was calculated and indexed as shown in Figure S20a.
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Notably a high rate capability of ~ 85.5% retention was observed when
the current density was increased 10 times. The digital pictures (Figure
S20b) showed that the devices can be bent at diﬀerent bend angles with
almost no inﬂuence on the energy storage performance (Figure S20c).
The FASD delivered excellent cycling performances, with 92% capaci-
tance retention after 5000 cycles at a current density of 10 mA cm-2.
The Ragone plot (inset in Figure S20d) revealed that the FASD can
deliver excellent areal energy/power density. To target the high work-
ing voltage applications, symmetric devices (SD) were fabricated based
on W2N@C CSA/carbon cloth with ionic liquid as the electrolyte in coin
Fig. 5. Explanation of the enhanced performances of W2N for supercapacitor electrodes by Density Functional Theory. (a) The two possible cubic structures of W2N: ß-W2N (a) and t-
W2N (b). The grey and light purple balls represent tungsten and nitrogen atoms, respectively. (c) The top view of W2N (200) surface. The W atoms directly above an N atom in below are
denoted as W1, while the ones without are W2. The T and V abbreviate for top and vacancy sites, respectively. The grey and purple balls are tungsten and nitrogen atoms, respectively. (d)
The top view of W18O49 (010) surface (relaxed). The grey and purple balls are tungsten and nitrogen atoms, respectively.
Table 1.
The H* adsorption energy (eV) at diﬀerent active sites and H-W/N distance (Å) on
diﬀerent sites of W2N (200) surfaces. The W1_T, W2_T and N_T represents the top sites
on W and N, respectively. Whereas, V denoted as the N vacancy on W2N (200) surface.
W1 and W2 diﬀerentiated as the top W atom with or without N atom underneath.
W1_T W2_T N_T V
Ead (eV) −0.50 −0.06 0.17 0.39
distance (Å) 1.74 1.77 1.03 2.25
Fig. 6. Supercapacitor performance assessment. (a) CV tests of the ﬂexible asymmetric supercapacitor device (FASD) under diﬀerent voltage range; (b) GCD of the FASD at diﬀerent
current densities; (c) CV tests of the ionic liquid-based electrolyte for symmetric devices (SD) at diﬀerent scan rates; (d) Cycling stability of the SSD at a CV scan rate of 100 mV s-1.
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cells and the resultant CV curves are shown in Fig. 6c. The near
rectangular shape and the excellent reversibility even at the high scan
rate of 1 V s-1 indicated high rate performance of the devices, in
accordance with GCD proﬁles (Figure S21); the corresponding
Ragone plot is shown in Figure S22a. The cycling performances were
assessed by 5000 continuous CV tests at a high scan rate of 100 mV s-1
(Fig. 6d). The capacitance retention of 83.3% and limited discrepancy
of the area for CV curves (inset in Fig. 6d) along with the Nyquist
curves (Figure S22b) between the ﬁrst and ﬁnal cycles proved the
excellent cycling stability of the ionic liquid electrolyte based SD.
In summary, we have developed an easily industrially up-scalable
approach by combining AACVD and ammonia annealing process to
manufacture self-standing electrodes, i.e. W2N@C CSA/carbon cloth,
eﬀectively. The as-synthesized electrodes prove to be one of the highest
areal speciﬁc capacitances amongst tungsten-based nanostructures
with excellent rate capability and superb cycling stability, characterized
using three-electrode testing. The supercapacitors have been as-
sembled for ﬂexible device applications and the high cell voltage use.
The superiority of the tungsten nitride materials compared with the
oxide counterparts for use as supercapacitor electrodes were conﬁrmed
by electrochemical analysis, theoretical calculations and in situ TEM.
The research gives an insight for exploring the high performance of
metal nitride materials as pseudocapacitor electrodes and paves the
way for hierarchical nanostructure designs based on the highly con-
ductive self-standing electrodes.
3. Experimental section
Materials synthesis and characterization parts are in Supporting
information.
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